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Clinal morphological variation of marine fishes has been observed within

and across species (Barlow, 1961). This variation is generally associated with

differences in the thermal regime and can be due primarily to various developmental

responses to environmental cues (Fowler, 1970) or to frequency differences of

polymorphic genes. In either case, once latitudinal patterns of variation have

been described, temperature stresses for a particular population may be estimated.

The effects of a thermal environmental perturbation upon the morphological char-

acteristics of a population of Fnndnhts heteroclitus (Pisces: Cyprinodontidae)
and an interpretation of how these effects may be of adaptive significance to

natural populations experiencing relatively high temperature are presented in

this study.

MATERIALS AND METHODS

Fiindnliis heteroclitus is a common fish in salt and brackish water from New-
foundland to the Mantanzas River in northern Florida. Latitudinal variation is

characterized here with population samples in Long Island Sound, and Ladies

Island, South Carolina. Two control populations in Long Island Sound flank a

thermal effluent produced by an electric generating plant at Northport, New York,

on the north shore of Long Island. One control locality is a large salt marsh

approximately fifteen miles east of Northport (Flax Pond), and another is a harbor

five miles west of Northport (Centerport). Temperatures during this study were

12 to 15 C higher at Northport than at either flanking control locality, which

varied from C in winter to about 20 C in summer. Summer temperatures at

Northport approached the thermal tolerance limit of F. heteroclitus. Maximum

temperatures at Ladies Island, South Carolina, are 3 to 5 C warmer than those

in the control localities in Long Island Sound, and the mean temperature at the

southern locality is 5 to 7 C higher than the northern control localities. Speci-

mens were collected in traps (cylindrical wire cages with conical indentations at each

end) baited with crushed mussels.

For comparison of population samples, the following characters were recorded

for each fish: sex, standard length, predorsal length, head length, snout length,
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interorbital width, length of dorsal fin insertion, peduncle length, peduncle width,

lateral line scales, circumpeduncular scales, predorsal scales, scales above the lateral

line, scales below the lateral line, pectoral fin rays, dorsal fin rays, caudal fin rays,

and anal fin rays. Morphological measurements followed the criteria used by
Hubbs and Lagler (1949), with the following exceptions. Dorsal and anal fin

ray counts include all rays that were separated at the base. Caudal fin rays include

only the branched rays. Lateral line scales start with the most anterior scale that

is fully developed and pored.
The mean standard lengths of specimens from different localities are heterogene-

ous. In an effort to reduce this heterogeneity, length and width measurements

were divided by the standard length of the specimen, and the variable "standard

length" was dropped from consideration. Gould (1966, 1971) and Atchley,

Gaskins, and Anderson (1976) have shown that this procedure does not neces-

sarily remove all of the size effects and will introduce spurious correlations between

standardized variables. The standardization of length and width measurements

will remove the size effect for isometric measurements and has been used here

for lack of a better technique that may be used upon the available data. The
distortion of the covariance structure introduced by standardization is heavily de-

pendent upon the range of relative magnitudes of the coefficients of variation of

the numerator and denominator variables (Atchley. ct a!.. 1976). Although the

variances of the standard lengths are heteroscedastic. the range of the coefficients

of variation (9.6-15.8) is not great. The standardization will alter the correlations

FIGURE 1. An abnormal vertebral column in F. heteroclitus (top)
contrasted with a normal vertebral column (bottom).
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between these variables
; however, the concern here is not with the covariance of

characters within a population, but with how this structure differs between popula-
tions.

X-ray images of skeletons were obtained using a standard medical X-ray
machine and Agfa Gaevert industrial film. A focal length of one meter was used

with an exposure of 20 seconds, 35 kilovolts, and 50 milliamps, and these settings

produced satisfactory images for the full size range of fish measured (40-125 mm).
Vertebrae were counted from X-ray images with the aid of a dissecting micro-

scope. A fish was designated abnormal if any of the centra of its vertebral column

were fractured, compound, or otherwise grossly misshapen.

RESULTS

Young specimens of F. lieteroclitns were collected in the spring of 1970 and

1971 from both Northport and Flax Pond. In addition, samples composed of

mixed year classes were collected from these localities in the fall of 1971. The
number of vertebrae and incidence of vertebral abnormalities were counted from

X-ray images of these population samples (Table I). The incidence of vertebral

abnormalities was consistently significantly higher at Northport, and in one of the

three comparisons, the mean number of vertebrae was significantly lower at North-

port. Examples of vertebral abnormalities including foreshortened, asymmetrical,
and fractured centra are shown in Figure 1.

Correlations of vertebral number with presence of abnormalities were calculated

for three population samples from Northport. In each of the samples, there is

a significant negative correlation, indicating that fish with fewer vertebrae had a

higher incidence of vertebral abnormalities (Table I). Specimens of F. hetcro-

clitus which develop at higher temperatures tend to have fewer vertebrae, and the

incidence of vertebral abnormalities in fish with few vertebrae may indicate the

limit of this developmental plasticity.

Differentiation of the Northport population with respect to number and form of

vertebrae were two of many possible morphological modifications induced by
environmental stress.

(
To more accurately assess these modifications, 17 morpho-

logical characters were recorded from approximately 30 individuals from the

heated locality and each of the control localities (Table II). The extent of the

TABLE I

Analysis of vertebrae in populations of F. heteroclitus. The correlation between the incidence of
vertebral abnormalities and vertebral number is represented by r.
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TAHI.F. II

Means, sample sizes, and standard errors of morphological variables in ! . heteroclitus. Malts and

females were coded 1 and 0, respectively.

Locality (n)

Variable
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PRINCIPAL

AXES

1

FIGURE 2. Three-dimensional representation of a principal components analysis of 78

individuals based on 17 morphological characters of F. heteroclitus collected from Flax Pond
(half-closed circles), Northport (closed circles), and Centerport (open circles) on Long
Island, New York in 1971.
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three eigenvalues is 8.472, accounting- for 49% of the variation in these data.

Principal components analyses typically account for a higher proportion of the

variance of morphometric variables with three principal axes. The low degree of

explanation here seems to be due to the meristic variables, which are essentially

independent of one another.

There is a considerable degree of resolution between fish from the warm and

control environments. This resolution, seen in a three dimensional space defined

by the first three principal axes (Fig. 2) indicates that the Northport population
can be distinguished from those of surrounding control environments. Fish from

the two control environments are indistinguishable in this analysis.

The characters contributing most heavily to the resolution were identified by
discriminant function analysis (Table IV). Head length, snout length, inter-

orbital width, and length of dorsal fin insertion are most important in the dif-

ferentiation of the warm water population from surrounding natural populations.
A frequency distribution of projections of individuals on the discriminant func-

tion (Fig. 3) shows Northport individuals are different from individuals collected

from either Flax Pond or Centerport.

Morphological differentiation observed at Northport may be a product of

different development rates and schedules imposed by the environment and, there-

fore, only a phenotypic response ;
or it may be a product of selection for a dif-

ferent phenotype in that environment and actually reflect the evolution of this

population. F. hetcroclitiis is known to exhibit considerable morphological varia-

tion over its range (Brown, 1957; Relyea, 1967), and has, at times, been broken

into races or subspecies, depending upon the investigator. To describe latitudinal

variation in this species, a second discriminant function was constructed with both

F. hctcroclitns from naturally cold environments and F. hetcroclitiis from naturally

warm environments. Fish from Centerport and Flax Pond were pooled to repre-

TABLE IV

Discriminant functions differentiating the morphology of F. heteroclitus from several environments.

Discriminant function coefficients

Heated and control
environments Northern and southern

Characters Long Island Sound environments

Sex
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sent fish from a natural cold environment, while fish collected from Ladies Island,

South Carolina (Table II) represented F. Jictcroclitns from a natural warm
environment. Characters that differ between warm and cold natural environments

are those associated with head shape, as well as scales above the lateral line

(Table IV). Although there is some overlap of the northern and southern popula-
tions, the means of these samples are significantly different (Fi 7 , <>?> 8.98, P <
0.001). A frequency distribution of projections of individuals on the discriminant

function (Fig. 4) shows that individuals from Northport span the entire range of

variation seen in the two natural environments. Again, although there is con-

siderable variation in the morphology of the specimens from Northport, the mean
for the Northport population is significantly different from both the control popula-
tions in Long Island Sound (Fi7 i65 3.05, P < 0.001) and the population from

Ladies Island, S. C. (F 17 , 32 -- 3.52. P < 0.005). Thus, the population exposed
to the industrial thermal effluent is differentiated from surrounding control localities,

and shows convergence to phenotypes abundant in naturally warm environments.

Finally, one may wonder about the relative amounts of morphological variation

in the natural and stressed environments. The extreme temperatures at North-

port are severe enough to produce an increased level of vertebral abnormalities,

and these temperatures may lie outside the range in which the genotypes are buf-

fered or exhibit developmental homeostasis, resulting in a greater range of mor-

phological variation. On the other hand, the selection at Northport may have

been directional to such an extent that the genetic variation underlying morpho-

FLAX POND N.Y.

NORTHPORT,N.Y.

CENTERPORT,N.Y

-17 -16 -15 -14 -13

FIGURE 3. Frequency distributions of projections of individuals of F. Jictcroclitns from

Flax Pond, Northport, and Centcrport upon a discriminant function constructed from variance-

ci (variance matrices of 17 morphological characters of fish from Flax Pond and Northport.
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FIGURE 4. Frequency distribution of projections of individual of F. heteroclitus from

Long Island Sound, New York, Northport, New York, and Ladies Island, South Carolina

upon a discriminant function constructed from variance-covariance matrices of 17 morphological

characters of fish from Long Island, New York and Ladies Island, South Carolina.

logical variation may have been depleted, leaving a restricted range of morphology.
Other hypotheses may also be constructed. Resolution of these questions would

ideally lie in comparisons of multivariate variances of populations, so that many
characters and the correlations among them may be considered simultaneously.

Unfortunately, an ideal measure of multivariate variance is not available. Sokal

(1965) has suggested the generalized variance, which is the determinant of the

variance-covariance matrix and is proportional to the volume of points in an

n-dimensional hyperspace. Soule (1972), in a search for a population variation

parameter, finds fault with the generalized variance and offers instead a mean

coefficient of variation. The mean coefficient of variation avoids problems with

singular matrices, but ignores correlations between characters. Both measures are
o o

employed in this study (Table V).
In order to avoid inflated variances due only to allometric differences in samples

with heterogeneous age distributions (Gould, 1966), the morphological variables

have been restricted to meristic variables, determined early in development and

constant thereafter. The counts employed are scale counts below the lateral line,

along the lateral line, around the caudal peduncle, and fin ray counts of the dorsal,

caudal, anal, and pectoral fins. \Yhere sample sizes permii. variances are given

separately for the sexes but sexual dimorphism for these seven .-iiaracters is not evi-

dent. For both measures of multivariate variance, and in (' comparisons, the vari-

ance is greater at Northport than in any of the control 1> > -alkies (Table Y). The

difference is most pronounced when measured by the generalized variance, which

utilizes both the variances of the characters and the covariances among them.
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they were different at all. In one of three comparisons (Tahle I), significantly

fewer vertebrae were found in fish from Northport.
A prediction may also he hascd upon the latitudinal variation in morphology,

which is presumably a response to temperature. If the morphological differentia-

tion at Northport is predominantly a response to temperature, the changes occurring
there should make that population resemble the morphology of southern populations.

Support for this hypothesis is seen in Figure 4.

Evidence that the environment at Northport imposes a stress upon F.

heteroclitus is provided by the elevated frequency of vertebral abnormalities

observed there. A similar observation was made by Hubbs (1959), who found

vertebral abnormalities to be common in the mosquito fish, GuiiiJuisia affinis.

living in natural hot springs in Texas and Mexico. Higher incidence of vertebral

abnormalities in fish with fewer vertebrae (Table I) suggests that fish marked
with a vertebral abnormality are individuals whose tolerance limits had been

exceeded, and whose canalization has been disrupted. The fish with severe abnor-

malities, as well as the individuals that disappeared before the time of sampling,

may be carriers of different genes, or different combinations of genes, than those

that seemed to have developed normally. If man)' genes contribute to set the

physiological environment of the fish and those genes have pleiotropic effects, the

opportunity for genetic and genetically based morphological divergence of this

population is great. The incidence of severe vertebral abnormalities marks a clear

opportunity for selection to act, and an analysis of enzyme polymorphisms (Mitton,

1973; Mitton and Koehn, 1975) provides evidence that selection has operated. A
large gravid female may carry several hundred eggs at one time and may have

two spawning periods, each several months in length (Mathews 1938). This

high fecundity, and high degree of genetic variability discovered (Mitton 1973;

Mitton and Koehn 1975) may permit rapid differentiation in a severe environment.

Specimens of F. heteroclitus at Northport generally have longer and wider

heads than those of F. heteroclitus at surrounding control localities, and at the

same time, have more and larger gill filaments (G. Williams, State University

of New York at Stony Brook, personal communication), providing them with

greater gill surface area. The need for greater gill surface at this locality is clear.

Metabolic rates of these fishes are enhanced by higher temperatures, but the amount

of oxygen dissolved in the water is likely to be lower. Thus, the larger head dimen-

sions in warm water populations are a reflection of greater gill surface area, which

is demanded by the greater need of oxygen combined with its lower availability.

Breeding studies in fishes, including F. heteroclitus, have amply demon-

strated that morphology has a genetic basis (Gabriel, 1944: Ilagen, 1973) and is

influenced by the environment. Complex mechanisms underlying morphology

(Gabriel, 1944; Tailing, 1952; Barlow, 1961; Fowler. l
l)

70), however, leave

little hope of predicting morphological variation in given circumstances or under-

standing of whether changes observed are strictly developmental phenomena and/or
have a substantial genetic component. Discriminant function analysis has shown

the morphology of F. heteroclitus at Northport to be different than morphology in

surrounding localities and has revealed a possible convergence towards the

phenotype of southern populations, but there are no direct data that show this

phenotypic convergence to have a genetic basis.
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A multivariate analysis of both morphological and protein phenotypes per-
formed upon these population samples (Mitton, in preparation) reveals that

morphological variation is not independent of protein variation. In addition,

analyses of protein variation identified genetic divergence of the artificially-heated

population from surrounding control localities (Mitton, 1973; Mitton and Koehn,
1975). If allelic frequencies at polymorphic loci controlling morphological char-

acters have been altered to the same extent as the allelic frequencies of loci coding
for enzymatic proteins, much of the morphological differentiation observed here

could have a genetic basis.

Several mechanisms may be presented to explain the greater range of morpho-
logical variation at Xorthport than in the control localities

;
and although none can

be firmly rejected, some are more plausible than others. Soule (1971) and Morris
and Kerr (1974) have reported correlations between genie heterozygosity as

measured by protein polymorphisms and some measure of morphological varia-

tion. Levels of heterozygosity tend to be higher at Northport than at Flax Pond

(Mitton and Koehn, 1975), but the difference is slight and is probably not suf-

ficient to explain the two-fold difference in variation detected by the generalized
variance (Table V). Fisher (1930) demonstrated that the rate of evolution of

a population was proportional to its variance in fitness, and the Northport popula-
tion is presented as a population adapting to a new environment, but it has not

been demonstrated that variation in meristic characters of Fiindiilus is adaptive
variation (Tables 111. IV, V). Meristic variation has been implicated in selection

(Fox, 1975 and references therein), but the data presented here neither suggest
nor deny an adaptive function of this variation. Although rigorous selection is

generally presented as a force decreasing variation, Warburton (1967) has shown
that if rare phenotypes are favored, selection will actually result in an increase in

variation. The morphology of northern control localities is different from the

morphology typical at the southern control locality (Fig. 4), and the morphology
of F. hctcroclitns at Northport seems to be converging toward the southern mor-

phology, so the situation envisioned by ^'arburton (1967) seems to be realized at

Northport. Although disruption of developmental homeostasis (Table I) may
contribute to the variation at Northport, the large amount of morphological varia-

tion may also be an adaptive concomitant of selection for an unsual phenotype.
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SUMMARY

Populations of Fund ul its hctcroclitns (Cyprinodontidae), a coastal marine fish,

were studied in control and artificially heated environments on the north shore

dl Long Island to determine patterns of variation in morphology and the

extent to which this variation reflected adaptation to environmental characteristics.
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Principal components and discriminant function analyses were used to analyze
variation in and among seventeen morphological characters. Fishes living in

water artificially heated by a power plant exhibited marked divergence from control

populations in head morphology, and convergence with a population sampled at

more southern latitudes. Hence, these differences were interpreted as adaptations
to warm environments. Greater morphological variation is detected at the heated

locality than at control localities, and this may be partially due to a breakdown
in developmental homeostasis, and partially due to selection favoring phenotypes
that are rare in this environment.
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